OBJECTIVE: To study the relationship between body fat percentage and body mass index (BMI) in three different ethnic groups in Singapore (Chinese, Malays and Indians) in order to evaluate the validity of the BMI cut-off points for obesity. DESIGN: Cross-sectional study. SUBJECTS: Two-hundred and ninety-one subjects, purposively selected to ensure adequate representation of range of age and BMI of the general adult population, with almost equal numbers from each ethnic and gender group. MEASUREMENTS: Body weight, body height, sitting height, wrist and femoral widths, skinfold thicknesses, total body water by deuterium oxide dilution, densitometry with Bodpod 1 and bone mineral content with Hologic 1 QDR-4500. Body fat percentage was calculated using a four-compartment model. RESULTS: Compared with body fat percentage (BF%) obtained using the reference method, BF% for the Singaporean Chinese, Malays and Indians were under-predicted by BMI, sex and age when an equation developed in a Caucasian population was used. The mean prediction error ranged from 2.7% to 5.6% body fat. The BMIaBF% relationship was also different among the three Singaporean groups, with Indians having the highest BF% and Chinese the lowest for the same BMI. These differences could be ascribed to differences in body build. It was also found that for the same amount of body fat as Caucasians who have a body mass index (BMI) of 30 kgam 2 (cut-off for obesity as de®ned by WHO), the BMI cut-off points for obesity would have to be about 27 kgam 2 for Chinese and Malays and 26 kgam 2 for Indians. CONCLUSIONS: The results show that the relationship between BF% and BMI is different between Singaporeans and Caucasians and also among the three ethnic groups in Singapore. If obesity is regarded as an excess of body fat and not as an excess of weight (increased BMI), the cut-off points for obesity in Singapore based on the BMI would need to be lowered. This would have immense public health implications in terms of policy related to obesity prevention and management.
Introduction
The WHO has de®ned obesity as a condition with excessive fat accumulation in the body to the extent that health and well-being are adversely affected. 1 Implicit in this de®nition is the need to be able to accurately measure the amount of body fat and the level at which disease risk is increased.
Indirect and doubly indirect methods have been developed to measure body fat percentage (BF%) for most studies, as direct methods (cadavar studies and in vivo neutron activation analysis) are either impossible or too prohibitive in terms of cost and risk. Indirect methods that are commonly used include densitometry, dilution techniques and dual energy Xray absorptiometry (DEXA). Each of these methods has its own advantages and limitations. 2 ± 4 These techniques depend on the use of equations to calculate BF% from the measured body parameter, and such equations were developed mainly in the`normal' Caucasian population and based on certain assumptions. Densitometry, using underwater weighing or more recently air-displacement, 5 is a classical method, long regarded as a method of reference. Dilution techniques, for example deuterium oxide dilution, depend on the assumption that hydration of fat-free mass (FFM) is ®xed and constant. 6 DXA scanning has been found to be highly valid for bone mineral density, but unfortunately not as good for determination of BF%. Varying body sizes could affect the accuracy of DXA in the measurement of BF%. 7 There are also differences between machines 8 and even between different models, 9 rendering the standardization of methodology dif®cult.
For best and least biased information, more-compartment models in which the variations in water content and mineral content in the fat-free mass are accounted for, 10 should be used. However, the combination of techniques required makes this method expensive and not suitable for use in large epidemiological studies. Doubly indirect methods (predictive methods) are normally employed for large population studies as they are generally affordable, easy to perform and require minimal equipment and specialized manpower. The body mass index (BMI), de®ned as weightaheight squared (kgam   2   ) , is one such method that is commonly used as a surrogate measure for BF%. BMI is generally well correlated with BF% and is a good indicator of level of`risk'.
11 Cut-off points for obesity as de®ned by the WHO 1 are based on BMI-values, but these cut-off points are based on studies on the relationship between BMI and morbidity and mortality in western populations 12, 13 and it may be questionable whether they are valid in other populations. In recent years several studies have shown a different relationship between BMI and BF% among ethnic groups. For example Wang et al 14 in a study in New York, found that Asians had a lower mean BMI but a higher BF% than Caucasians of the same age and sex. Guricci et al 15 reported that Indonesians had for the same BF% a BMI about 3 units lower than Dutch Caucasians. On the other hand, Gallagher et al 16 did not ®nd differences in the relationship between US Whites and Blacks. In a meta-analysis of available data from the literature it was clearly shown that differences in the BMIaBF% relationship exists among ethnic groups. 17 In Singapore, the mean BMI is low compared to most Western countries, but the mortality from cardiovascular diseases is similar to these countries. 18 In an earlier study in Singaporean Chinese it was found that the odds ratio of having cardiovascular risk factors was high at low BMI levels. 19 The above mentioned studies raised the suspicion that the BMI cut-off for obesity as de®ned by WHO may not adequately re¯ect the actual obesity status and thus the discase risk of Singaporeans. 19, 20 However, no adequate information on the relationship between BMI and BF% was available for Singaporeans.
For this reason a body composition study was performed to study the relationship between BMI and BF% in the three ethnic groups (Chinese, Malays and Indians) in Singapore. To avoid systematic biases in the determination of BF% due to violation of assumptions in one or more ethnic groups, BF% was determined using a four-compartment model based on densitometry, deuterium dilution and dual energy X-ray absorptiometry (DXA) measurements. 21 
Subjects and methods
During the 1998 National Health Survey, 300 volunteers were invited to participate in a body composition study. The inclusion criteria for selection were that the subjects need to be distributed over the whole range of age and BMI of the main study, with almost equal numbers in each ethnic (Chinese, Malay, Indian) and sex group. Of the ®nal participants that underwent all measurements, 108 were Chinese, 76 were Malays and 107 were Indians. Their age ranged from 18 to 75 y and their body mass index from 16 to 40 kgam 2 . Table 1 gives some characteristics of the subjects. All measurements were performed at the study site situated at the laboratory of the School of Physical Education, Nanyang Technological University, Singapore. Subjects fasted from food and drinks at least 6 h and voided preceding the measurements. All anthropometric measurements were performed by trained observers. The Singapore National Medical Research Council approved the study protocol and all subjects gave their informed consent before the measurements. Body weight was measured to the nearest 0.1 kg in light indoor clothing without shoes, using a digital scale. A correction of 0.5 kg was made for the weight of the cloths. Body height was measured without 
Wrist width was measured with an anthropometric calliper at the left and the right sides over the distal ends of the radius and the ulna to the nearest 0.1 cm. Knee width was measured to the nearest 0.1 cm, at the left and right sides in the sitting position, lower legs relaxed with the knee¯exed at a 90 angle over the femur condyles. The mean values of left and right widths were used in the statistical calculations. A parameter for slenderness 20 was calculated as heighta(sum of wrist and knee widths, cmacm). Obviously, a higher index indicates a more slender body build or frame.
Biceps, triceps, subscapular and supra-iliac skinfolds were measured in triplicate to the nearest 0.2 mm, on the left side of the body, according to Durnin and Womersley. 23 The mean value of each measurement was used in the prediction of BF%. 23 For the determination of total body water (TBW) the subject drank a precisely weighed amount of deuterium oxide (amount given varied between 10 and 11 g). After 3 h, 10 ml venous blood was taken and plasma was obtained and stored in well-sealed tubes at 720 C until analyses. Deuterium was analysed after sublimation of the plasma using infrared spectroscopy. 24 From the given dose and the deuterium concentration in plasma, TBW was calculated, assuming a 5% non-aqueous dilution of the deuterium in the body. 2 Body density was determined using air plethysmography (BODPOD 1 , Body composition System, Life Measurements Instruments, Concord, CA) according to the instructions of the manufacturer. The method is described in detail by Dempster and Aitkens. 5 Body volume was calculated as weightadensity.
Bone mineral content (BMC) was measured using a Hologic DXA whole body X-ray densitometer (QDR-4500, Hologic, Waltham, MA; software version V8.23a:5). As Hologic measurements generally result in systematic lower BMC measurements compared to Lunar measurements, 8 the BMC data were corrected to Lunar values. This was found to be necessary, as a Lunar machine was used for development of the equation of Baumgartner's four-compartment model. 21 A correction factor based on phantom measurements (Lunar aluminium`spine' phantom) using a Lunar DPXL (software version 1.35) was determined. The found correction factor of 1.167 for the phantoms was con®rmed by three sets of measurements performed on two subjects over a period of 1 y. For each set these two subjects were measured twice within 1 week with both systems. Total body mineral was calculated as 1.235ÂBMC. 21, 25 Body fat percentage was calculated using the four-compartment model as described by Baumgartner et al,
where BV body volume, M total body mineral and BW body weight. Fat free mass (FFM kg) was calculated as body weight minus fat mass. Data were analysed using the SPSS for Windows program. 26 Correlations are Pearson's correlation coef®cients or partial correlation with correction for possible confounders. The relationship between BMI and BF% was analysed using stepwise multiple regression, with age, sex (females 0 and males 1) and ethnicity as independent variables. The dummy variables for ethnicity were E 1 and E 2 . For Chinese E 1 0 and E 2 1, for Malays E 1 and E 2 0, and for Indian E 1 1 and E 2 1. Parallelism of the regression equations for the sexes and the ethnic groups was tested using interaction factors between the independent variables. 27 Differences between the sexes and differences between the ethnic groups were tested using analyses of (co)variance. Bland and Altman statistics 28 were used to test the bias of predicted BF%. Differences in variables within groups were tested with the paired ttest. Level of signi®cance is set at P`0.05. Values are presented as mean AE s.d., unless otherwise stated. Table 1 gives characteristics for the males and females of each ethnic group. Normal differences between males and females were observed, males being taller and heavier, and having a lower body fat percentage. Age did not differ signi®cantly between the groups. Indian females had signi®cantly higher body weight than Chinese females. Body height of Malays males and females was shorter than that of their Chinese and Indian counterparts. The BMI of Chinese females was lower than that of Malays and Indian females, but in males only the BMI from Chinese was signi®cantly lower than that of Malays. BF% was lower in Chinese females compared to Malays and Indian females, but in males the difference in BF% was only between Chinese and Indians. Body fat predicted from BMI using a Caucasian prediction equation was signi®-cantly (P`0.001) underestimated in all subgroups. This shows that Singaporeans have higher body fat at the same BMI compared with Caucasians. Body fat predicted from skinfolds was only signi®cantly
Results
Relative sitting height was signi®cantly lower in the Indian males and females compared to their Chinese and Malay counterparts. In males the difference between Malays and Chinese was also statistically signi®cant. Malay males and females had a signi®cant higher slenderness index than Chinese and Indians. The correlation between BMI and BF% was 0.75, 0.72 and 0.76 in Chinese, Malay and Indian females, respectively, and 0.76, 0.78 and 0.68 in Chinese, Malays and Indian males, respectively (all values P`0.001). Table 2 gives the regression coef®cients (s.e.) of the stepwise multiple regression in the order the independent variables entered the equation. The ®nal prediction equation,
explains 74% of the variation in BF% when the independent factors are controlled for, and has a standard error of estimate of 4.4% body fat. With BMI, age, sex and E 1 and E 2 in the model there was a non-signi®cant interaction between BMI and sex (P 0.065), showing that the regression lines are slightly but not signi®cantly different for the sexes. No interaction between E 1 and E 2 with BMI or age was observed. However there was a signi®cant interaction between E 2 and sex, showing that in the Malays the regression coef®cient for sex was slightly higher compared with the Chinese and Indian females. Taking this interaction into account resulted in only a very minor improvement of the regression equation (change in s.e.e. 0.03%). Therefore it was decided to continue analyses without this interaction. Regression analysis using BMI-squared (assuming curvilinear relationship between BF% and BMI) resulted in a lower (72% instead of 74%) explained variance. The residuals of predicted BF% in the different population groups and the correlation with the level of BF% are given in Table 3 . The bias was in neither group signi®cant different from zero, but in all groups the correlation with the level of BF% was high. For the total population a Bland and Altman plot is given in Figure 1 .
The residuals of a regression model without E 1 and E 2 showed a signi®cant partial correlation (after correction for the level of BF%) with slenderness (part r 0.318, P`0.001) and with relative sitting height (part r 70.191, P`0.001).
From age and sex of the individual Singaporean subjects it was calculated, using the Caucasian prediction equation, how high their BF% would be if their BMI would have been 30 kgam 2 , ie the cut-off point for obesity as de®ned by WHO. This BF% level was used to recalculate their BMI using the Singaporean prediction equation to obtain a BMI level that is equivalent with the WHO cut-off point for obesity in Caucasians. Figure 2 
Discussion
The subjects participating in this study were a selected group of Singaporean Chinese, Malays and Indians, All correlations signi®cant (P`0.001).
Body fatness in Singapore M Deurenberg-Yap et al aged 18 ± 75 y. They were purposely selected from a larger representative population sample of the National Health Survey 1998 (NHS), to ensure adequate representation from the entire range of age and BMI, with almost equal numbers from all the ethnic and gender groups, rather than having similar age, BMI, ethnic and gender distribution to the general population. This sample selection process was important for the purpose of this study, which was to study the relationship between BMI and BF%. There are apparent differences in height, weight, BMI and body fat percentage between the three ethnic groups, the Malays being the shortest, and the Chinese being the lightest. The BMI of the Chinese is 2 ± 3 units lower and their BF% is about 3% lower compared to those of their Malays and Indian counterparts.
Compared to other population-based body composition studies the BMI is relatively low in comparison with BF%. For example Lean et al 29 reported in Scottish males and females of the same age a BMI of about 25 kgam 2 , whereas BF% was only 22% in males and 34% in females. In a study by Gallagher et al, 16 BF% in 50-y old Caucasians females was 30% whereas their BMI was as low as 23.3 kgam 2 . Males in that study had a higher BMI (25 kgam 2 ) but a relatively low BF% of 21%. Also the under-prediction of BF% from BMI using a Caucasian (Dutch) prediction formula shows that Singaporeans have a high BF% at a relatively low BMI. 22 Applying the Caucasian regression equation from the meta-analysis 17 even resulted in slightly higher differences between measured and predicted BF% (results not shown). This con®rms earlier ®ndings in study of Wang et al, 14 showing that Asians have lower BMI but higher BF% than Caucasians. A different relationship between BMI and BF% in Asians compared to Caucasians has been recently reported in several studies among Indonesian population groups, 15, 30 in Thai populations, 31, 32 in Japanese (Gallagher et al, personal communication) as well as in young Singaporean Chinese. 20 It has to be noted that such a different relationship was not reported in Beijing Chinese compared to Dutch Caucasians. 20, 33 Differences have also been observed between different Black populations 34 and between Caucasians and Polynesians. 35 The present study con®rms that the relationship between BMI and BF% in Singaporeans is not only different compared to Caucasians, but is also different among the three main ethnic groups in Singapore: Chinese, Malays and Indians. For the same BMI, age and sex, Chinese have the lowest BF% while Indians have the highest.
One possible drawback of earlier studies reported in the literature, when comparing different (ethnic) groups, is the possible limitation of the reference methods used to determine BF%. For example in the studies of Guricci et al, 15, 30 deuterium oxide was used as the reference method to determine BF%. It was assumed that all the ethnic groups had the same constant hydration factor of fat-free mass (hydration 0.73). 2, 6 It can not be excluded that there might be differences in the hydration of the fat-free mass (FFM) among different ethnic groups, which could be attributed to, for example, climatic conditions, which could cause a directional bias in the results and thus lead to the wrong conclusions. Also the differences as shown in a meta-analysis 17 of reported literature data could be due to such methodological differences. For this reason, in the present study, a multi-compartment model (body weight fat mass water mineral protein) was used for the determination of BF%, to avoid any bias due to violation of assumptions that form the base for single methods such as densitometry or deuterium oxide dilution. Such a model was also used by Gallagher et al 16 in their study comparing US Blacks and Whites. Because of the use of this fourcompartment model it can be assumed that the differences found among the four ethnic groups (namely Caucasians and the three ethnic groups in Singapore) discussed in this paper are not due to violation of assumptions in the body composition methodology.
The differences in the relationship between BMI and BF% that were found between the three Singaporean ethnic groups can be ascribed to differences in body build. The residuals of a regression equation without E 1 and E 2 show a signi®cant partial correlation (after correction for the level of BF%) with slenderness and relative sitting height. Also, in a stepwise multiple regression model with BMI, age, sex, relative sitting height and slenderness as independent variables, ethnicity did not contribute signi®cantly anymore. This con®rms the ®ndings in earlier studies 20, 30 that body build is at least partly responsible for the different relationship between BMI and BF%. A stocky person (low slenderness index) is likely to have more bone, connective tissue and muscle mass, thus less body fat for a given body height and weight than a more slender person. In other words, BF% will be relatively low compared to the BMI. Subjects with relatively long legs (low relative sitting height) have less mass per unit length, so their BMI will be relatively low, compared to their BF%. The effect of relative sitting height has been discussed earlier by Norgan. 36, 37 Other authors 34 discussed as possible explanation for differences in the BMIaBF% relationship differences in physical activity level. No valid information was available about the physical activity level of the subjects in this study. Data from the 1998 National Health Survey 38 indicated that most Singaporeans have a sedentary life style, engaging in less than 1.5 h of physical activity per week. This could be due to a combination of climate (warm and humid), living and working conditions and well-organized and highly effective public transport, all factors which are disincentives for any sort of physical activity or exercise during leisure time other than in air-conditioned rooms.
If obesity is de®ned as an excess body fat, it seems logical that a different relationship between BMI and BF% among populations would result in populationspeci®c BMI cut-off points for obesity, rather than a uniform cut-off point as is currently recommended by WHO. 1 For Singaporeans this would mean that the BMI cut-off points for obesity should be about 26 kgam 2 for Indians and about 27 kgam 2 for Chinese and Malays. This cut-off point of 27 kgam 2 for Malays equals the currently used cut-off point in Indonesia (with a predominantly Malay population), the validity of which was con®rmed by studies of Guricci et al. 15 A lowering of the cut-off point for obesity would also be justi®ed if elevated cardiovascular risk were to be present at low BMI levels, as was recently found in Chinese Singaporeans. 19 The presence of cardiovascular risk factors at different BMI levels will be further studied among the three ethnic groups in Singapore to test this hypothesis (paper in preparation).
Generally, if the cut-off point for obesity in Singapore were lowered to 27 kgam 2 , this would have immense impact on the prevalence of obesity among the adult Singapore population. Compared to a BMI cut-off point of 30 kgam 2 the prevalence would increase in females from 6.5% to 15.4% and in males from 5.2% to 17.3%. These higher prevalences are more in line with the relatively high level of chronic degenerative diseases in Singaporeans and with their increased relative risk for cardiovascular risk factors at lower BMI levels. 19 It is unnecessary to say that such an increase in prevalence ®gures would have serious implications in terms of public health policy.
In summary, Singaporeans have higher body fat percentage at a lower BMI compared to Caucasians, but differences in the BMIaBF% relationship also exist among Singaporean Chinese, Malays and Indians. The differences can be explained by differences in body build. If obesity is de®ned as excess body fat rather than excess weight, the obesity cut-off point for Singaporeans should be 27 kgam 2 instead of 30 kgam 2 . The lowering of the cut-off point for obesity would more than double the prevalence ®g-ures in Singapore.
